US009406843B2

a2 United States Patent 10) Patent No.: US 9,406,843 B2
Aldaz et al. 45) Date of Patent: *Aug. 2, 2016
(54) METHODS AND DEVICES FOR LIGHT (51) Imt.CL
EXTRACTION FROM A GROUP III-NITRIDE HOIL 33/22 (2010.01)
VOLUMETRIC LED USING SURFACE AND HOIL 33/20 (2010.01)
SIDEWALL ROUGHENING HOIL 33/58 (2010.01)
HOIL 33/32 (2010.01)
(71) Applicant: SORAA, INC., Fremont, CA (US) HOIL 33/00 (2010.01)
HOI1L 33/18 (2010.01)
(72) Inventors: Rafael Aldaz, Pleasanton, CA (US); (52) US.CL
Aurelien J. F. David, San Francisco, CA CPC ............ HOIL 33/22 (2013.01); HOIL 33/0075
(US); Daniel F. Feezell, Fremont, CA (2013.01); HOIL 33/18 (2013.01); HOIL 33/32
(US); Thomas M. Katona, San Carlos, (2013.01); HOIL 33/58 (2013.01); HOIL
CA (US); Rajat Sharma, Fremont, CA 2933/0033 (2013.01); HOIL 2933/0083
wus) ’ ’ (2013.01)
(58) Field of Classification Search
(73) Assignee: Soraa, Inc., Fremont, CA (US) CPC .ot HO1L 33/22; HO1L 33/20
USPC .ot 257/98, 94, E33.001
(*) Notice: Subject to any disclaimer, the term of this See application file for complete search history.
patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days. (56) References Cited
This patent is subject to a terminal dis- U.S. PATENT DOCUMENTS
claimer.
2004/0070004 Al* 4/2004 Eliashevichetal. .......... 257/200
(21) Appl. No.: 14/632,755 2007/0202624 Al* 82007 Yoonetal ... 438/29
* cited b i
(22) Filed:  Feb. 26,2015 clted by examiiet
65 Prior Publication Dat Primary Examiner — Marc Armand
(65) rior Fublication [ata (74) Attorney, Agent, or Firm — Saul Ewing LLP
US 2015/0207032 Al Jul. 23,2015
57 ABSTRACT
Embodiments of the present disclosures are directed to
Related U.S. Application Data improved approaches for achieving high-performance light
(63) Continuation of application No. 13/781,633, filed on extraction from a Group IH-mtr.lde Volume.tnc LED Ch.lpS.
Feb. 28, 2013, now Pat. No. 9,000,466, which is a More.partlcularly, dlsclqsed herein are techniques for achleY-
continuation-in-part of application No. 12/861,765, ing high-performance light extraction from a Group II-ni-
filed on Aug. 23, 2010, now abandoned. tride volumetric LED chip using surface and sidewall rough-
ening.
(60) Provisional application No. 61/605,026, filed on Feb.

29, 2012.

Strong 20 roughniess Vertical stristions

TR 12 Bram X300 58]

Method 1

28 Claims, 24 Drawing Sheets

Modarate $D roughness . s
p g Verticad striations

Method 2



U.S. Patent Aug. 2, 2016 Sheet 1 of 24 US 9,406,843 B2

a0

80

70

50

FIG. 1

ko

H J. 1 il I H
0 ™~ < 6 < 0 o
o

< o) f) o <
ESE

@
o

0
8.1

Suusiieayaeg

R
4 T

100



U.S. Patent Aug. 2, 2016 Sheet 2 of 24 US 9,406,843 B2

FIG. 2

206



US 9,406,843 B2

Sheet 3 of 24

Aug. 2, 2016

U.S. Patent

€ "Oid
0s ov oe gz oL
1 b j ¥
G 4».1... gl
,.Ac “ e R v p ety .ﬁ,u 3
008 wrz’ o 5
o o
R
L™ 008
5
00¢ #
#
7
&
&
‘ol
9'0=4 SPIUBIAG .oerinins

7' = 807\ SIBPUIAT e
L= SPIURIAY e o e

&
Yy
EPTe

RY

0

£0

o

g0

90

10

80

50

dunianieasyoeqg

o0



U.S. Patent Aug. 2, 2016 Sheet 4 of 24 US 9,406,843 B2

Wy
Sk
(]
o
e
<+
(]
& o =
= S
il
o2
l»]
7o)
e
<
i H r\-_‘
-~ 1y] o W 0 1e] N~ fie} [{n] e} iy
=5 < w© 3 t~ < @“ T £ <
) [ < < <3
Xa7)

400



U.S. Patent Aug. 2, 2016 Sheet 5 of 24 US 9,406,843 B2

80

40

FIG. 5

X327

500



U.S. Patent Aug. 2, 2016 Sheet 6 of 24 US 9,406,843 B2

25

15

w {um)
FIG. 6

10

Xa7)

800



U.S. Patent Aug. 2, 2016 Sheet 7 of 24 US 9,406,843 B2

8¢

70

FIG. 7

AQ

{

3

P
.

20

Xa7)

700



U.S. Patent Aug. 2, 2016 Sheet 8 of 24 US 9,406,843 B2

o
1 ] H ¥ H !.‘ H g
! : /
; :
§ : i
i
i ¢ 18
. &N
i
:
i
_ 413
‘ B
: e
{ Z
] - iL
. <
» i - O
i
i
> <
L (/ da
. i
\
AY
AN
~
L L O
23 [(s] =5 i~
0 b5 ) N
{en] s} [a0] [as]

800



US 9,406,843 B2

Sheet 9 of 24

Aug. 2, 2016

U.S. Patent

6 "Oid

o
(]
o
[
£
]
v
s

o

£y

\z-;i'»

A

Y06 1230} Ppaiorspiy
Z06 DUOD UCHOBIXS [[RMEpPIS

$06 SUCO uondEsXs do ]

™

Gos



US 9,406,843 B2

Sheet 10 of 24

Aug. 2, 2016

U.S. Patent

01 "Oid

00

P06 1939} pRjordKs

Z06 BUOD LORDRIXS [[EMapis

08 SU0D uonoRiXe doj,

L uoioeaxe sood yum afbuy

0001



US 9,406,843 B2

Sheet 11 of 24

Aug. 2,2016

U.S. Patent

1 E

{418uaJis BuuenEDS) )

0 ¥ £ 20

90

1690

L0

L0

X8

Dot



US 9,406,843 B2

Sheet 12 of 24

Aug. 2, 2016

U.S. Patent

i "9id

907 s0BUNS jRIRYE] Y y0Z L S0BUNS [RI0jE| ¥

auejd-u \ aug|d-e

SR

Zoz) ssoeung doj

00zl



US 9,406,843 B2

Sheet 13 of 24

Aug. 2, 2016

U.S. Patent

P06 210} PelOBAXg

06 BUOD BonoRLEXS do |

Z0% L Bul UogoRYS UB SLI0DRY
SBUAD LIOHDBAXS |BMBDIS



U.S. Patent Aug. 2, 2016 Sheet 14 of 24 US 9,406,843 B2

FIG. 14

Extractad total 804

G T
=T~ N - R T o S B

1400



U.S. Patent Aug. 2, 2016 Sheet 15 of 24 US 9,406,843 B2

o
H ! (&Y
g ®
{ £
2
N g
Ll + 1]
Pl W3
o e
< oo
5 J
2 T
[«¥
© T
kY N
\
©
%,
N o
o
iy
\ g .
\‘i\ﬂ\ N
. | ;%“N&“w o
K& [Le] -3 o3 N haad &~ n <O
~ [ ~ . ~ ~ - < &
< < el < < o3 < <3
>
o]
L

1500



US 9,406,843 B2

Sheet 16 of 24

Aug. 2, 2016

U.S. Patent

g0

S0

31 "Oid

{yidusuls uuenIeds |jleMBPIS) BPIS )

¥'o

geo

ORY

520

20

GL'o

L't 500

40

“5L0 X3D

80

00gi



U.S. Patent Aug. 2, 2016 Sheet 17 of 24 US 9,406,843 B2

{sidewall scattering strength)
FIG. 17

f side

o B - Eo i fiee

{U13usa1s SupelIrds aoeuns doyj doy

1700



U.S. Patent Aug. 2, 2016 Sheet 18 of 24 US 9,406,843 B2

)
h
A 4 o
3 4w
5 A
i 4
Licw]
= -
T .
- - <
o £ 9
o L.
5 4«
, 4 e
; o
- ~ o
. ; .
£y f~ 3 © 3 w3
™~ & © <3 s o3
< 3 3



U.S. Patent Aug. 2, 2016 Sheet 19 of 24

mmmmmm




U.S. Patent Aug. 2, 2016 Sheet 20 of 24 US 9,406,843 B2

R

g

b i
¥ b} B o "
A ke el fixd g = Lo W el wE
Wy £ 23 FS oy ety gy B i

2000



US 9,406,843 B2

Sheet 21 of 24

Aug. 2, 2016

U.S. Patent

12 813

auejd-e auejd-w

wi

¥
o
o
g

o
e
~

£
)
7

N
2
M

SEEMASPIS pRELIS 104 el unnemsdedus mo

SHEAGPIS Yipows oy ured vonensdeous yBiy

uled uone|nsdeauy



US 9,406,843 B2

Sheet 22 of 24

Aug. 2, 2016

U.S. Patent

Z Poyisiy

SRHOERLYS FRORERY

SOROZ1I0Z BMIES DO URUGEL ANTDE

sEaugdno mm FIeISPORN

zZ 814

7

SUDIBLIS {RDILIDN

T POYIBIN

12102 Li3s oex g

s
%

ssauydn o a7 Buong

A




US 9,406,843 B2

Sheet 23 of 24

Aug. 2,2016

U.S. Patent

£7 814

< POyisiN T POIeN

- 3 S
.\.. B
rocnnnnnsneednnneBprecan. £
ssaunBnog (7 8ies3pouw 104 IndIno uswing Jamo

seeuulnod 7 Bucns joy wnding uswiny YRy

sUaLunn



US 9,406,843 B2

Sheet 24 of 24

Aug. 2, 2016

U.S. Patent

C Si4

ajoid LWwEsn JesEy

uoiinasp uogenBus fBunaisey

FoINPpUC LISy



US 9,406,843 B2

1
METHODS AND DEVICES FOR LIGHT
EXTRACTION FROM A GROUP ITII-NITRIDE
VOLUMETRIC LED USING SURFACE AND
SIDEWALL ROUGHENING

This applicationis a continuation application of U.S. appli-
cation Ser. No. 13/781,633 filed on Feb. 28, 2013, issued as
U.S. Pat. No. 9,000,466, which is a continuation-in-part of
U.S. application Ser. No. 12/861,765, filed on Aug. 23, 2010,
and which claims the benefit under 35 U.S.C. §119(e) of U.S.
Provisional Patent Application No. 61/605,026 filed on Feb.
29, 2012, each of which is incorporated by reference in its
entirety.

FIELD

The disclosure relates to the field of LED light chips, and
more particularly to techniques for achieving high-perfor-
mance light extraction from a Group IlI-nitride volumetric
LED chip using surface and sidewall roughening.

BACKGROUND

The present disclosures are directed to an improved
approach for achieving high-performance light extraction
from a Group Ill-nitride volumetric LED chips. More par-
ticularly, disclosed herein are techniques for achieving high-
performance light extraction from a Group I1I-nitride volu-
metric LED chip using surface and sidewall roughening.

In making LED chips, improving the performance of light
extraction from the material is an important design consider-
ation. In some situations patterning or roughening of certain
surfaces can improve light extraction. And, in some situations
the materials used in making LEDs (e.g., GaN, Sapphire, SiC)
are scribed, sawed, cleaved and otherwise manipulated dur-
ing process such that those processes result in patterning or
roughening of the surfaces of the LED device and/or sur-
rounding structures. However, when Group IlI-nitride mate-
rials (e.g., gallium nitride) is used, traditional cleaving or
other manipulations do not necessarily result in patterning or
roughening of the surfaces of the LED device and/or sur-
rounding structures, and other techniques are called for in
order to achieve high-performance light extraction.

Moreover, the manufacture of Group lI-nitride volumetric
LED chips might involve cleaving along certain selected
planes (e.g., c-plane, m-plane), and certain specific process-
ing techniques (e.g., laser scribing) might be used with the
Group IIl-nitride material, thus further demanding advances
in the techniques to produce Group Ill-nitride volumetric
LED chips that exhibit high-performance light extraction
from surface and sidewall roughening.

Therefore, there is a need for an improved approach for
achieving high-performance light extraction from Group III-
nitride volumetric LED chips. In the approach to achieve
high-performance light extraction from surface and sidewall
roughening when using Group IIl-nitride materials, many
discoveries have been made, which discoveries and embodi-
ments thereto are disclosed in detail below.

SUMMARY

Embodiments of the present disclosures are directed to
improved approaches for achieving high-performance light
extraction from a Group IlI-nitride volumetric LED chips.
More particularly, disclosed herein are techniques for achiev-
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2

ing high-performance light extraction from a Group II-ni-
tride volumetric LED chip using surface and sidewall rough-
ening.

The present disclosure provides improved techniques to
address the aforementioned issues with legacy approaches.
More specifically, the present disclosure provides a detailed
description of surface and sidewall roughening techniques
used to achieve high-performance light extraction from
Group IlI-nitride volumetric LED chips.

The methods refer generally to GaN-based light emitting
diodes grown on sapphire, SiC or similar heteroepitaxial sub-
strate. In a specific embodiment, the present techniques pro-
vide a device configuration with a high extraction geometry,
and fabrication method thereof, for a GaN-based light emit-
ting diode overlying a bulk-GaN containing substrate.

Volumetric chips (e.g., chips where the vertical-to-hori-
zontal aspect ratio of the chip is greater than 5%, and can be
on the order of 100% or larger) are advantageous, because
they benefit from additional extraction from the sidewalls
(e.g., lateral surfaces) of the chip. This helps to extract glanc-
ing-angle light. In order to further increase light extraction,
one can modify the sidewall facets in order to break these
quasi-guided trajectories. This can be done by texturing of the
sidewall facets. One way to texture the sidewalls is to produce
1-dimensional roughness, such as vertical striations.

Yet, improvements in extraction efficiency can be achieved
by implementing 1-dimensional and 2-dimensional sidewall
roughening. In some embodiments, the extraction efficiency
for a chip with only top roughness is 70%. With combinations
of 1D and 2D sidewall roughness, light extraction is boosted
to ~82%.

Further details of aspects, objects, and advantages of the
disclosure are described below in the detailed description,
drawings, and claims. Both the foregoing general description
of the background and the following detailed description are
exemplary and explanatory, and are not intended to be limit-
ing as to the scope of the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a chart characterizing backscattering behavior as
a function of polar angle of incidence for achieving high-
performance light extraction from a Group IlI-nitride volu-
metric LED chip using surface and sidewall roughening,
according to some embodiments.

FIG. 2 is a simplified diagram of a model exhibiting back-
scattering behavior for achieving high-performance light
extraction from a Group Ill-nitride volumetric LED chip
using surface and sidewall roughening, according to some
embodiments.

FIG. 3 is a chart characterizing backscattering behavior as
a function of polar angle of incidence with various roughen-
ing patterns for achieving high-performance light extraction
from a Group I1I-nitride volumetric LED chip using surface
and sidewall roughening, according to some embodiments.

FIG. 4 is a chart characterizing light extraction as a func-
tion of top surface roughness for achieving high-performance
light extraction from a Group Ill-nitride volumetric LED chip
using surface roughening, according to some embodiments.

FIG. 5 is a chart characterizing light extraction as a func-
tion of polar emission angle for achieving high-performance
light extraction from a Group Ill-nitride volumetric LED chip
using surface roughening, according to some embodiments.

FIG. 6 is a chart characterizing light extraction as a func-
tion of n-grid width for achieving high-performance light
extraction from a Group Ill-nitride volumetric LED chip
using surface roughening, according to some embodiments.
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FIG. 7 is a chart characterizing light extraction as a func-
tion of polar emission angle, and showing n-grid width
examples for achieving high-performance light extraction
from a Group I1I-nitride volumetric LED chip using surface
roughening, according to some embodiments.

FIG. 8 is a chart characterizing light extraction as a func-
tion of chip height and showing examples varying lateral
dimensions for achieving high-performance light extraction
from a Group I1I-nitride volumetric LED chip using surface
roughening, according to some embodiments.

FIG. 9 is a chart characterizing extraction as a function of
varied polar and azimuthal angles for a smooth volumetric
chip for achieving high-performance light extraction from a
Group III-nitride volumetric LED chip, according to some
embodiments.

FIG. 10 is a chart showing light extraction as a function of
varied polar and azimuthal angles for a surface-roughened
volumetric chip for achieving high-performance light extrac-
tion from a Group Ill-nitride volumetric LED chip using
surface roughening, according to some embodiments.

FIG. 11 is a chart showing light extraction as a function of
varied polar and azimuthal angles for top surface-roughness
for a volumetric chip for achieving high-performance light
extraction from a Group Il-nitride volumetric LED chip
using surface roughening, according to some embodiments.

FIG. 12 shows images of LED chips formed by various
cleaving along different crystallographic planes, according to
some embodiments.

FIG. 13 is a chart showing light extraction as a function of
varied polar and azimuthal angles for 1D roughened sidewall
surfaces for a volumetric chip for achieving high-perfor-
mance light extraction from a Group IlI-nitride volumetric
LED chip using surface and sidewall roughening, according
to some embodiments.

FIG. 14 is a chart showing light extraction as a function of
varied polar and azimuthal angles for 2D roughened sidewall
surfaces for a volumetric chip having a triangular base for
achieving high-performance light extraction from a Group
III-nitride volumetric LED chip using surface and sidewall
roughening, according to some embodiments.

FIG. 15 is a chart showing light extraction for 1D rough-
ened sidewall surfaces as a function of sidewall angle for a
volumetric chip having a triangular base for achieving high-
performance light extraction from a Group I1I-nitride volu-
metric LED chip using surface and sidewall roughening,
according to some embodiments.

FIG. 16 is a chart showing light extraction for 2D rough-
ened sidewall surfaces as a function of sidewall angle for a
volumetric chip having a triangular base for achieving high-
performance light extraction from a Group I1I-nitride volu-
metric LED chip using surface and sidewall roughening,
according to some embodiments.

FIG. 17 is a chart showing light extraction under varied
sidewall and top roughness for a volumetric chip having a
triangular base for achieving high-performance light extrac-
tion from a Group Ill-nitride volumetric LED chip using
surface and sidewall roughening, according to some embodi-
ments.

FIG. 18 is a chart showing light extraction under varied
substrate absorption for a volumetric chip having a triangular
base for achieving high-performance light extraction from a
Group Ill-nitride volumetric LED chip using surface and
sidewall roughening, according to some embodiments.

FIG. 19 is a simplified schematic diagram of a light emit-
ting diode device having a top surface region with a textured
surface characterized by a surface roughness of about 80 nm
to about 10,000 nm; and a lateral surface region having a
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textured surface characterized by a surface roughness of
about 80 nm to about 10,000 nm for achieving high-perfor-
mance light extraction from a Group IlI-nitride volumetric
LED chip using surface and sidewall roughening, according
to some embodiments.

FIG. 20 shows light extraction as a function of roughness,
according to some embodiments.

FIG. 21 shows the encapsulation gain performance of LED
chips formed by various cleaving along different crystallo-
graphic planes, according to some embodiments.

FIG. 22 depicts SEM images of LED chips formed by
various laser scribing processes, according to some embodi-
ments.

FIG. 23 shows the lumen output performance of LED chips
formed by various laser scribing processes, according to
some embodiments.

FIG. 24 shows the beam profile of a multiple-beam laser
ablation tool used in the singulation process of LEDs.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

Various embodiments will now be described more fully
hereinafter with reference to the accompanying drawings, in
which exemplary embodiments are shown. Various aspects
may, however, be embodied in many different forms and
should not be construed as limited to the embodiments set
forth herein. Rather, these embodiments are provided so that
this disclosure will be thorough and complete, and will fully
convey the scope of the invention to those skilled in the art.
Like reference numerals refer to like elements throughout.

Embodiments of the present disclosures are directed to
improved approaches for achieving high-performance light
extraction from a Group IlI-nitride volumetric LED chips.
More particularly, disclosed herein are techniques for achiev-
ing high-performance light extraction from a Group II-ni-
tride volumetric LED chip using surface and sidewall rough-
ening.

In making LED chips, improving the performance of light
extraction from the material is an important design consider-
ation. In some situations patterning or roughening of certain
surfaces can improve light extraction. And, in some situations
the materials used in making LEDs (e.g., GaN, Sapphire, SiC)
are scribed, sawed, cleaved and otherwise manipulated dur-
ing process such that those processes result in patterning or
roughening of the surfaces of the LED device and/or sur-
rounding structures. However, when Group IlI-nitride mate-
rials (e.g., gallium nitride) is used, traditional cleaving or
other manipulations do not necessarily result in patterning or
roughening of the surfaces of the LED device and/or sur-
rounding structures, and other techniques are called for in
order to achieve high-performance light extraction.

Moreover, the manufacture of Group IlI-nitride volumetric
LED chips might involve cleaving along certain selected
planes (e.g., c-plane, m-plane), and certain processing tech-
niques (e.g., laser scribing) might be used with the Group
III-nitride material, thus further demanding advances in the
techniques to produce Group Ill-nitride volumetric LED
chips that exhibit high-performance light extraction from sur-
face and sidewall roughening.

Therefore, there is a need for an improved approach for
achieving high-performance light extraction from Group I1I-
nitride volumetric LED chips. In the approach to achieve
high-performance light extraction from surface and sidewall
roughening when using Group IIl-nitride materials, many
discoveries have been made, which discoveries and embodi-
ments thereto are disclosed in detail below.
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Embodiments of the present disclosure provide improved
techniques to address the aforementioned issues with legacy
approaches. More specifically, the present disclosure pro-
vides a detailed description of surface and sidewall roughen-
ing techniques used to achieve high-performance light extrac-
tion from Group III-nitride volumetric LED chips.

The methods refer generally to GaN-based light emitting
diodes grown on sapphire, SiC or similar heteroepitaxial sub-
strate. In an embodiment, the present techniques provide a
device configuration with a high extraction geometry, and
fabrication method thereof, for a GaN-based light emitting
diode overlying a bulk-GaN containing substrate.

Volumetric chips (e.g., chips where the vertical-to-hori-
zontal aspect ratio of the chip is greater than 5%, and can be
on the order of 100% or larger) are advantageous, because
they benefit from additional extraction from the sidewalls
(e.g., lateral surfaces) of the chip. This helps to extract glanc-
ing-angle light. In order to further increase light extraction,
one can modify the sidewall facets in order to break these
quasi-guided trajectories. This can be done by texturing of the
sidewall facets. One way to texture the sidewalls is to produce
1-dimensional roughness, such as vertical striations.

Yet, improvements in extraction efficiency can be achieved
by implementing 1-dimensional and 2-dimensional sidewall
roughening. In some embodiments, the extraction efficiency
for a chip with only top roughness is 70%. With combinations
of 1D and 2D sidewall roughness, light extraction is boosted
to ~82%.

As used herein, the term GaN substrate is associated with
Group Ill-nitride based materials including GaN, InGaN,
AlGaN, or other Group I1I containing alloys or compositions
that are used as starting materials. Such starting materials
include polar GaN substrates (i.e., substrate where the largest
area surface is nominally an (h k 1) plane where h=k=0, and 1
is non-zero), non-polar GaN substrates (i.e., substrate mate-
rial where the largest area surface is oriented at an angle
ranging from about 80-100 degrees from the polar orientation
described above towards an (h k 1) plane where 1=0, and at
least one ofh and k is non-zero) or semi-polar GaN substrates
(i.e., substrate material where the largest area surface is ori-
ented at an angle ranging from about +0.1 to 80 degrees or
110-179.9 degrees from the polar orientation described above
towards an (h k 1) plane where 1=0, and at least one of h and k
is non-zero). Of course, there can be other variations, modi-
fications, and alternatives.

The high-refractive index of Group III-nitride based semi-
conductor devices results in a large fraction of emitted light
being totally-internally reflected at the semiconductor/air or
semiconductor/encapsulant interface on the first pass. The
embodiments contained herein provides methods for enhanc-
ing the fraction of emitted light from a light emitting diode
device which escapes the semiconductor/air or semiconduc-
tor/encapsulant interface on the first pass, and thereby
improving the overall external quantum efficiency of the light
emitting diode device. This is achieved through texturing or
roughening of the sidewalls or side-surfaces of a light emit-
ting diode device chip by applying the methods described in
the embodiments below, so as to enhance the extraction of
light from these sidewalls or side-surfaces.

For high-power chips, a wafer-bonded geometry is usually
used for thermal management. In this case the p-side of the
chip is covered by a reflective contact and light is mostly
extracted though the top side. To increase light extraction, this
top surface is typically roughened in order to randomize light
trajectories and avoid guiding of light. To understand how
surface roughness improves light extraction in an LED, we
model its scattering properties. In the following, we assume
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roughening features with an average lateral distance on the
order of ~1 um, as is typically obtained by processes such as
chemical etching or photo-electro-chemical etching and
present in commercial Group II-nitride LEDs. The param-
eter which drives the scattering strength in the calculations
shown below is the so-called filling fraction f, e.g. the area
coverage of the scattering features. A small filling fraction
corresponds to scattering features with narrow lateral dimen-
sions separated by flat regions, while £>0.5 is representative
of' GaN roughnesses in some commercial LEDs. The scatter-
ing properties of such a surface are illustrated on FIG. 1,
which represents the one-bounce backscattering Sb (e.g., the
amount of light which is sent back in the semiconductor) for
a typical embodiment of a rough surface. A low backscatter-
ing corresponds to a large forward-scattering, and hence a
large light extraction.

An important parameter in describing a rough surface is the
characteristic size of the features forming the roughness. In
typical embodiments, this characteristic size is related to the
wavelength oflight A and the index of the LED material n. For
instance, in some embodiments, the characteristic size is
larger than 0.1 time A/n and smaller than 30 times A/n. The
roughness of the surface can further be described in terms of
the shape of features that form the roughened surface. For
instance, the roughness can be one-dimensional (e.g. linear
striations) or two-dimensional (e.g., surface variations in both
in-plane directions). Further, two-dimensional roughness can
be composed of a variety of shapes such as pyramidal fea-
tures, truncated pyramidal features, cylindrical features,
square features, spherical features, elliptical features, or a
combination of these shapes.

FIG. 1 is a chart characterizing backscattering behavior as
a function of polar angle of incidence for achieving high-
performance light extraction from a Group IlI-nitride volu-
metric LED chip using surface and sidewall roughening. As
an option, the present model characterizing backscattering
behavior as a function of polar angle of incidence may be
implemented in the context of the architecture and function-
ality of the embodiments described herein. Also, the method
for characterizing backscattering behavior as a function of
polar angle of incidence or any characteristic therein may be
carried out in any desired environment. FIG. 1 shows that Sh
becomes close to unity for angles larger than 70°. This indi-
cates that extraction to the outside of the chip is not efficient,
and that light will need many bounces to be extracted. FIG. 1
illustrates backscattering of a typical patterned surface versus
polar angle of incidence 6 (averaged over the azimuthal angle
¢). Here the surface is a GaN/epoxy interface made of cylin-
drical rods (filling fraction £=0.3), height h averaged from 0.8
to 1.2, pitch averaged from 0.8 to 1.2). All distances in units
of the free wavelength .

From this, we conclude that contrary to intuition, typical
‘random’ surfaces in LEDs do not necessarily fully random-
ize light trajectory—most notably, light propagating near
glancing angles is poorly extracted/diffused, and mostly
undergoes specular reflection. FIG. 2 schematically repre-
sents this behavior.

FIG. 2 is a diagram of model exhibiting backscattering
behavior for achieving high-performance light extraction
from a Group I1I-nitride volumetric LED chip using surface
and sidewall roughening. As an option, the present model
exhibiting backscattering behavior may be implemented in
the context of the architecture and functionality of the
embodiments described herein. As shown, the details of the
roughness do not affect these results for features of a given
size. FIG. 2 shows the schematic behavior of a typical rough-
ened surface. Light propagating close to normal incidence
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(thin lines) is efficiently extracted. However, for light propa-
gating near glancing angle (thick lines), only a small fraction
of the light is extracted (thick line) while a large fraction is
backscattered.

FIG. 3 is a chart characterizing backscattering behavior as
a function of polar angle of incidence with various roughen-
ing patterns for achieving high-performance light extraction
from a Group I1I-nitride volumetric LED chip using surface
and sidewall roughening. As an option, the present model
characterizing backscattering behavior as a function of polar
angle of incidence with various roughening patterns may be
implemented in the context of the architecture and function-
ality of the embodiments described herein.

FIG. 3 illustrates structural features by comparing the scat-
tering behavior of periodic structures having cylindrical and
pyramidal features. In this calculation, the rough features
have similar sizes, and show similar scattering behavior. This
result can be extended to disordered structures by use of a
supercell model which considers a periodic structure with a
large period whose unit cell is composed of several scattering
elements of varying shape and size, and thus approximates
the description of a disordered rough surface. Again, use such
of'a supercell model shows a very similar scattering behavior
to that shown in FIG. 3. These scattering properties can be
integrated to a ray-tracing light extraction model in order to
describe realistic LED chips and understand how the scatter-
ing properties impact light extraction. Below are described
various applications of such a model to selected geometries of
interest. FIG. 3 shows backscattering of various rough sur-
faces versus polar angle of incidence q: (solid line): cylindri-
cal rods (height averaged from 0.8 to 1.2). Dashed line: pyra-
mids (height 1). Dotted lines: pyramids (height 0.6). All
distances in units of the free wavelength 1. All structures have
a filling fraction =0.3.

Thin-Film Chips

Thin-film chips (where the ratio of vertical-to-horizontal
dimensions is less than 5%, and often less than 1%) are
strongly affected by the scattering behavior of the scattering
surface. This is illustrated in FIG. 4 which shows the extrac-
tion efficiency Cex of a 1 mmx1 mmx5 pum chip (typical
dimensions for commercial power chips) with top surface
roughness, as a function of the reflectivity R of the p-mirror.
In this simple model, the p-mirror is the only source ofloss. A
large value of R is necessary to obtain high Cex>80% due to
the difficulty to extract glancing-angle light. Additional mod-
els (e.g., that model additional characteristics beyond the
model of FIG. 4) show similar results.

FIG. 4 is a chart characterizing light extraction as a func-
tion oftop surface roughness for achieving high-performance
light extraction from a Group IlI-nitride volumetric LED chip
using surface and sidewall roughening. As an option, the
present model characterizing light extraction as a function of
top surface roughness may be implemented in the context of
the architecture and functionality of the embodiments
described herein. FIG. 4 shows a square thin-film chip (1
mmx1 mmx5 pm) with a top surface roughness and varying
p-mirror reflectively.

In this simple model, the p-mirror is the only source of loss.
A large value of R is necessary to obtain high Cex>80% due
to the difficulty to extract glancing-angle light. This is illus-
trated in FIG. 5.

FIG. 5 is a chart characterizing light extraction as a func-
tion of polar emission angle for achieving high-performance
light extraction from a Group IlI-nitride volumetric LED chip
using surface and sidewall roughening. As an option, the
present model characterizing light extraction as a function of

20

25

30

35

40

45

8

polar emission angle may be implemented in the context of
the architecture and functionality of the embodiments
described herein.

As shown, FIG. 5 details the extraction efficiency Cex(0)
versus the polar angle of emission 0 (averaged over the azi-
muthal angle ¢, and for a p-mirror reflectivity R=90%), and
shows a collapse of Cex atlarge 0. This situation is made even
worse if we take into account additional absorbing features
(such as n-electrodes) that are present in chips. FIG. 6 illus-
trates this situation. FIG. 5 shows a square chip (1 mmx1
mmxS5 um) with a top surface roughness and R=90% p-mirror
reflectively and details of extraction efficiency as a function
of polar emission angle 6 (averaged over the azimuthal angle
of'emission ®). Angle around 50° to 85° are poorly extracted.

FIG. 6 is a chart characterizing light extraction as a func-
tion of n-grid width for achieving high-performance light
extraction from a Group Ill-nitride volumetric LED chip
using surface and sidewall roughening. As an option, the
present model characterizing light extraction as a function of
n-grid width may be implemented in the context of the archi-
tecture and functionality of the embodiments described
herein. Also, the method for characterizing light extraction as
afunction of n-grid width or any characteristic therein may be
carried out in any desired environment. F1G. 6 shows a square
chip (1 mmx1 mm) with a top surface roughness and R=90%
p-mirror reflectively, varying n-grid width.

The chip of FIG. 6 depicts a chip of similar dimensions but
with a square n-grid of pitch a=250 pum, and of low reflectivity
(R=50%) and varying grid width w. As w increases, Cex is
strongly impacted—this is because glancing-angle light trav-
els large lateral distances and has a high probability of reach-
ing the lossy n-grid. Again, this is seen in detail in FIG. 7.

FIG. 7 is a chart characterizing light extraction as a func-
tion of polar emission angle, and showing n-grid width
examples for achieving high-performance light extraction
from a Group I1I-nitride volumetric LED chip using surface
and sidewall roughening. As an option, the present model
characterizing light extraction as a function of polar emission
angle, and showing n-grid width examples may be imple-
mented in the context of the architecture and functionality of
the embodiments described herein. Also, the techniques for
characterizing light extraction as a function of polar emission
angle, and showing n-grid width examples or any character-
istic therein may be carried out in any desired environment.
FIG. 7 shows a square chip (1 mmx1 mm) with top surface
roughness and R-9-% p-mirror reflective and details of
extraction efficiency as a function of polar emission angle 6.
Full lines refer to no n-grid and dashed lines to 15 um-wide
n-grid.

FIG. 7 shows the same angle-dependent light extraction
Cex(0) as is shown in FIG. 5 (for w=15 pum), and where the
suppression of Cex at large 0 is even more pronounced.
Surface-Roughened Volumetric Chips

Volumetric chips (e.g., chips where the vertical-to-hori-
zontal aspect ratio of the chip is greater than 5%, and can be
on the order of 100% or larger) are advantageous, because
they benefit from additional extraction from the sidewalls
(e.g., lateral surfaces) of the chip. This helps to extract glanc-
ing-angle light.

FIG. 8 is a chart characterizing light extraction as a func-
tion of chip height and showing examples of varying lateral
dimensions for achieving high-performance light extraction
from a Group I1I-nitride volumetric LED chip using surface
and sidewall roughening. As an option, the present model
characterizing light extraction as a function of chip height and
showing examples varying lateral dimensions may be imple-
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mented in the context of the architecture and functionality of
the embodiments described herein.

FIG. 8 shows how increasing the thickness of a chip
increases its extraction efficiency. First we considera 1x1 mm
surface-roughened chip, with p-mirror reflectivity R=90%.
Increasing the thickness from 5 um to 250 pm boosts the
extraction from ~75% to ~83%, because large-angle light can
now be extracted by the sidewalls (e.g., lateral surfaces).
However, substrate loss can be present and hinder the benefi-
cial effect of volumetric chips. If we assume a GaN absorp-
tion coefficient =1 cm™, extraction is significantly
impacted. This can be improved upon by reducing the lateral
dimensions of the chip: with the same ., a 250250 pm chip
is about 4% more efficient than a 1 mmx1 mm chip. The
beneficial impact of sidewalls for light extraction can further
be improved by modifying the shape of the chip. For instance,
using a chip with a triangular base and the same surface area
enables more light trajectories to be extracted. From FIG. 8,
the advantage of volumetric chips can be leveraged when the
chip dimensions and shape are well chosen, considering the
losses in the chip. FIG. 8 shows extraction efficiency vs. chip
height, for chips with top surface roughness and R=90%
p-mirror reflectivity: (solid line) 1 mmx1 mm square chip, no
absorption in the GaN substrate; (dashed line) 1 mmx1 mm
square chip, GaN absorption coefficient a=1 cm™!; (dotted
line) 250 umx250 pum square chip, GaN absorption coeffi-
cient a=1 cm™!; (dash-dotted line) Triangular chip (lateral
dimension 380 um), GaN absorption coefficient a=1 cm™.

We note that while we have modeled particular chip
designs in the above, and other models of chips, additional
sources of loss can be considered, for example: substrate
absorption, absorption of all the contacts (p-and n-electrodes
and additional interlayers), active region absorption, etc. In
some of the following descriptions, realistic values for such
losses are modeled.

More insight can be gained into the light-extraction pro-
cess of such volumetric chips by looking at the angle-resolved
extraction diagram Cex(0,p)—here it is relevant to consider
both angles. For simplicity, let us first consider a smooth
(non-roughened) chip.

FIG. 9 is a chart showing extraction as a function of varied
polar and azimuthal angles for a smooth volumetric chip for
achieving high-performance light extraction from a Group
III-nitride volumetric LED chip using surface and sidewall
roughening. As an option, the present model extraction as a
function of varied polar and azimuthal angles for a smooth
volumetric chip may be implemented in the context of the
architecture and functionality of the embodiments described
herein.

FIG. 9 models a smooth GaN volumetric chip (triangular
base 380 pm, height 200 um) emitting into a silicone of index
n=1.4. Extraction is only possible into seven extraction cones
(one for the top surface, and six for the three sidewalls—
either directly or after onein-plane bounce), while all the rest
of the light is guided and eventually lost. To improve the
extraction of light, in volumetric chips, its top surface can be
roughened, which roughening serves to break guided light
trajectories. A similar surface roughening approach can also
improve light extraction in thin-film chips. FIG. 9 shows
details of extraction vs. polar (q) and azimuthal (f) angles, for
a smooth volumetric chip with a triangular base (lateral
dimension 380 pm, height 200 um). The direction of emitted
light is characterized by the in-plane reduced wavevectors kx
and ky. High extraction is obtained into the top extraction
cone and the six sidewall extraction cones. No extraction is
possible outside of these cones.
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FIG. 10 is a chart showing light extraction as a function of
varied polar and azimuthal angles for a surface-roughened
volumetric chip for achieving high-performance light extrac-
tion from a Group Ill-nitride volumetric LED chip using
surface and sidewall roughening. As an option, the present
model light extraction as a function of varied polar and azi-
muthal angles for a surface-roughened volumetric chip may
be implemented in the context of the architecture and func-
tionality of the embodiments described herein.

As shown, FI1G. 10 illustrates the modification of the angle-
resolved extraction diagram when top surface roughness is
implemented: Extraction is allowed for angles outside of the
extraction cones. However, this is not perfectly efficient
because light propagating at large angles is weakly random-
ized, as was the case for a thin-film chip. Large angles still
display limited extraction. Such trajectories, which we refer
to as “quasi-guided”, limit the extraction efficiency of a GaN
volumetric chip with top surface roughness. FIG. 10 shows
details of extraction vs. polar (q) and azimuthal (f) angles, for
a volumetric chip with a triangular base (lateral dimension
380 pm, height 200 pm) with top surface roughness. Surface
roughness enables extraction of some of the light outside of
the extraction cones—however this effect is limited, espe-
cially at large angles.

FIG. 11 is a chart showing light extraction as a function of
varied polar and azimuthal angles for top surface roughness
for a volumetric chip for achieving high-performance light
extraction from a Group Ill-nitride volumetric LED chip
using surface and sidewall roughening. As an option, the
present model light extraction as a function of varied polar
and azimuthal angles for top surface roughness for a volu-
metric chip may be implemented in the context of the archi-
tecture and functionality of the embodiments described
herein.

FIG. 11 shows the total extraction efficiency of a volumet-
ric surface roughness, as the scattering efficiency of the top
roughness is varied. The extraction saturates for larger values
of the scattering efficiency, because the top roughness never
fully breaks quasi-guided trajectories. Here we used the
roughness filling fraction as the scattering parameter. A simi-
lar result is obtained when increasing the size of the scattering
features from ~500 nm to ~1.5 um. Therefore efficient scat-
tering requires a filling fraction which is high enough (typi-
cally >0.5) and a feature size which is large enough (typically
~1 pm). However even using an optimized roughness, light
extraction remains limited. FIG. 11 shows Cex vs. top surface
roughness for a GaN LED with a triangular base (lateral
dimension 380 pum, height 200 pm) and with top surface
roughness.

Sidewall-Roughened Volumetric Chips

In order to further increase light extraction, one can modify
the sidewall facets in order to break these quasi-guided tra-
jectories. This can be done by texturing of the sidewall facets.
One way to texture the sidewalls is to produce 1-dimensional
roughness, such as vertical striations. Such striations can
naturally be obtained by using a die cleaving method along a
proper crystal plane.

FIG. 12 depicts an image of LED die formed by various
cleavings along different crystallographic planes, according
to some embodiments. As an option, the present technique of
cleaving along different crystallographic planes may be
implemented in the context of the architecture and function-
ality of the embodiments described herein.

FIG. 12 shows the sidewall morphology for two LEDs on
bulk GaN substrates which were cleaved with the same
method but along two different crystal planes (a- and
m-plane, as shown). The natural sidewall roughness obtained
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in a-plane devices translates experimentally into higher light
extraction efficiency. Such roughness is expected to increase
light extraction by breaking the threefold in-plane symmetry
of light propagation in the chip (e.g., by randomizing the
azimuthal angle of propagation ¢). FIG. 12 shows scanning
electron microscope images of triangular chips cleaved along
different crystallographic planes of a GaN substrate. The
m-plane chip has relatively smooth sidewalls while the
a-plane chip has pronounced one-dimensional roughness.

FIG. 21 shows the encapsulation gain measured experi-
mentally on LEDs similar to those of FIG. 12, according to
some embodiments.

FIG. 21 shows the encapsulation gain performance of
devices cleaved with the same method but along two different
crystal planes (a- and m-plane, as shown), similar to the
devices of FIG. 12. Encapsulation gain is an indirect measure
of extraction efficiency; a lower encapsulation gain indicates
a higher extraction efficiency. FIG. 21 shows that a cleave
along the a-plane, which produces deeper vertical roughness
in the LED’s sidewalls, leads to a lower encapsulation gain.

FIG. 13 is a chart showing light extraction as a function of
varied polar and azimuthal angles for 1D roughened sidewall
surfaces for a volumetric chip for achieving high-perfor-
mance light extraction from a Group IlI-nitride volumetric
LED chip using surface and sidewall roughening. As an
option, the present model for light extraction as a function of
varied polar and azimuthal angles for 1D roughened sidewall
surfaces for a volumetric chip may be implemented in the
context of the architecture and functionality of the embodi-
ments described herein.

FIG. 13 shows how the angle-resolved extraction diagram
of a chip is modified by randomizing the in-plane angles.
Some quasi-guided trajectories are broken, resulting in larger
extraction efficiency. As seen on FIG. 13 however, the polar
propagation angles are not randomized (because the sidewall
roughness is vertical, and thus does not break symmetry in the
vertical direction) and some quasi-guided trajectories remain
for intermediate angles. Another way to texture the sidewalls
is to introduce a two-dimensional texture—e.g. to break the
planarity ofthe sidewalls along two directions. FIG. 13 shows
details of extraction vs. polar (q) and azimuthal (f) angles, for
a volumetric chip with a triangular base (lateral dimension
380 um, height 200 um) with top surface roughness and 1D
sidewall roughness. Due to randomization of (f), extraction is
improved for some large angles. The six side extraction cones
effectively become an “extraction ring”. Extraction is still
limited at intermediate angles.

FIG. 14 is a chart showing light extraction as a function of
varied polar and azimuthal angles for 2D roughened sidewall
surfaces for a volumetric chip having a triangular base for
achieving high-performance light extraction from a Group
III-nitride volumetric LED chip using surface and sidewall
roughening. As an option, the present model for light extrac-
tion as a function of varied polar and azimuthal angles for 2D
roughened sidewall surfaces for a volumetric chip having a
triangular base may be implemented in the context of the
architecture and functionality of the embodiments described
herein. FIG. 14 shows details of extraction vs. polar (q) and
azimuthal (f) angles, for a volumetric chip with a triangular
base (lateral dimension 380 um, height 200 um) with top
surface roughness and 2D sidewall roughness. All angles are
efficiently randomized, either by the top or the sidewall
roughness, resulting in high extraction at all angles.

FIG. 14 shows the corresponding light extraction diagram.
In such a case, both polar and azimuthal angles are random-
ized upon incidence on the textured sidewall, which can fur-
ther increase light extraction. Extraction is substantially
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improved over some embodiments following the light extrac-
tion model of FIG. 13, especially in certain angular domains.

FIG. 15 and FIG. 16 exemplify the improvement in extrac-
tion efficiency predicted by implementing 1-dimensional and
2-dimensional sidewall roughening. With the loss parameters
chosen, the extraction efficiency for a chip with only top
roughness is 70%. 1D and 2D sidewall roughness boost
extraction to ~74% and ~82%, respectively.

FIG. 15 is a chart showing light extraction for 1D rough-
ened sidewall surfaces as a function of sidewall skewing
angle for a volumetric chip having a triangular base for
achieving high-performance light extraction from a Group
II-nitride volumetric LED chip using surface and sidewall
roughening. As an option, the present model for light extrac-
tion for 1D roughened sidewall surfaces as a function of
sidewall angle for a volumetric chip having a triangular base
may be implemented in the context of the architecture and
functionality of the embodiments described herein. FIG. 15
shows Cex vs. one-dimensional sidewall roughness (the
x-axis of this plot is the average angle of the sidewalls with
respect to planar sidewalls) for a GaN LED with a triangular
base (lateral dimension 380 um, height 2009 um) and with top
surface roughness.

FIG. 16 is a chart showing light extraction for 2D rough-
ened sidewall surfaces as a function of sidewall angle for a
volumetric chip having a triangular base for achieving high-
performance light extraction from a Group IlI-nitride volu-
metric LED chip using surface and sidewall roughening. As
an option, the present model for light extraction for 2D rough-
ened sidewall surfaces as a function of sidewall angle for a
volumetric chip having a triangular base may be implemented
in the context of the architecture and functionality of the
embodiments described herein. FIG. 16 shows Cex vs. two-
dimensional sidewall roughness for a GaN LED with a trian-
gular base (lateral dimension 380 pm, height 200 pm) and
with top surface roughness.

In comparing the light extraction of FIG. 15 to the light
extraction of FIG. 16, the improvements can be seen.

FIG. 17 is a chart showing light extraction under varied
sidewall and top roughness for a volumetric chip having a
triangular base for achieving high-performance light extrac-
tion from a Group Ill-nitride volumetric LED chip using
surface and sidewall roughening. As an option, the present
model for light extraction under varied sidewall and top
roughness for a volumetric chip having a triangular base may
be implemented in the context of the architecture and func-
tionality of the embodiments described herein.

FIG. 17 shows a 2-dimensional map of expected improve-
ment by combining surface roughness and 2D sidewall
roughness, for a variety of scattering strengths. Typical top
surface roughness obtained by chemical or PEC etching can
be described by a scattering strength {>0.4. Therefore,
complementing such a top surface roughness with a moderate
sidewall roughness £>0.15 is sufficient to achieve optimal
extraction. FIG. 17 shows Cex vs. sidewall and top roughness
for a GaN LED with a triangular base (lateral dimension 380
um, height 200 um) and with 2-dimensional top and sidewall
surface roughness.

In the following embodiments, “texturation” or “rough-
ness” describes an optical surface which deviates from pla-
narity. The roughness may be random, periodic (as in the case
of a photonic crystal for instance) or pseudo-periodic. The
roughness may be produced by a variety of means, including
chemical etching, electro-chemical etching, photo-electro-
chemical etching, patterning and dry etching, regrowth of
semiconductor material over a patterned interface, roughness
due to a sawing/cleaving/laser scribing singulation process.
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In one embodiment, the singulation process (which may
combine laser scribing, sawing and cleaving) produces side-
wall roughness.

In one embodiment, the present method and device
includes a gallium and nitrogen (e.g., GaN) containing sub-
strate having roughened regions vertically oriented with
respect to a pair of electrode faces. In an embodiment, the
electrode faces are configured on a c-plane. Preferably, the
substrate is separated by way of scribing, which occurs using
a laser scribing process having a short wavelength laser. The
beam ablates by pulsing electromagnetic radiation on
selected portions of the gallium and nitrogen containing sub-
strate. The beam scribes the substrate along the a-plane. Pref-
erably, the streets between devices are configured from about
1 to about 30 microns, although there can be variations. Each
of'the scribe regions has a width of 5 to 10 microns. The scribe
regions are formed using a UV laser configured with a355 nm
source and an output power of 30 to 300 milli-Watts, but can
be others. The laser pulses are in the nano-second regime,
e.g., 2-100 nanoseconds. The laser device and beam ablates a
portion of the gallium and nitrogen containing material. The
devices are later separated using a break process along the
scribe lines causing formation of the roughened regions,
which are substantially m-plane in characteristic and forms
the vertically oriented facets. Each of the m-faces has width of
a few microns, but can also be other dimension. Additionally,
each of the facets has a peak region surrounded by troughs,
when viewed from the c-plane direction. Optionally, the
method subjects the scribe region to a selective etchant to
remove any light absorbing slag material, which may be a
by-product from the laser scribing process. Depending on the
laser pulsing frequency, stage speed, and chemistry used for
removing the by-product from the laser scribe process, a 2D
roughness region with equal depth to the laser scribe can be
created on the sidewalls of the device to greatly enhance light
extraction. The selection of the chemistry for removal of the
by-products is extremely important as some chemistry will
tend to look for crystal plans and smooth out the region, while
others induce roughness such as KOH. In some embodiments
for creating 2D roughness regions, the process creates two
distinct regions on the sidewalls.

In some embodiments, the same procedure as above is
employed. However, the laser ablation process is sufficient to
fully ablate the substrate and produce full device singulation,
so that no subsequent breaking step is required. In such
embodiments, the 2D roughness region created by the laser
ablation covers a large fraction, up to the totality, of the
sidewalls.

In some embodiments, the LED is made of bulk GaN and
has the shape of a prism with a triangular base. The top
surface and the sidewalls all display 2-dimensional rough-
ness, with a roughness feature size on the order of 1-2 micron
and a roughness surface coverage larger than 0.5.

In another embodiment, the LED is made of bulk GaN and
has the shape of a prism with a triangular base. The top
surface displays 2-dimensional roughness, with a roughness
feature size on the order of 1-2 micron and a roughness
surface coverage larger than 0.5. The sidewalls display verti-
cal striations (1D roughness) with a characteristic distance of
1-5 pm.

FIG. 18 is a chart showing light extraction under varied
substrate absorption for a volumetric chip having a triangular
base for achieving high-performance light extraction from a
Group Ill-nitride volumetric LED chip using surface and
sidewall roughening. As an option, the present model for light
extraction under varied substrate absorption for a volumetric
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chip having a triangular base may be implemented in the
context of the architecture and functionality of the embodi-
ments described herein.

FIG. 18 describes the impact of absorption coefficient on
extraction efficiency. The Group IlI-nitride substrate has a
crystal orientation such that its sidewalls can easily be rough-
ened. FIG. 18 shows Cex vs. GaN substrate absorption a for a
triangular chip (lateral dimension 380 pm, height 200 um)
with top surface roughness.

According to some embodiments:

Only some of the sidewalls are roughened.

The sidewalls are slanted and roughened.

The LED is grown on a bulk Group IlI-nitride substrate,

and the resulting vertical-to-horizontal aspect ratio of
the LED chip is larger than 5%.

The LED is grown on a foreign substrate, but the Group
I1II-nitride layer is thick enough that the vertical-to-hori-
zontal aspect ratio of the LED chip is larger than 5%.

The absorption coefficient of the Group II-nitride film is
lower than 10 cm™!, than 1 cm™.

FIG. 19 shows a light emitting diode device having a top
surface region with a textured surface characterized by a
surface roughness of about 80 nm to about 10,000 nm; and a
lateral surface region having a textured surface characterized
by a surface roughness of about 80 nm to about 10,000 nm. As
an option, the present light emitting diode device may be
implemented in the context of the architecture and function-
ality of the embodiments described herein. Or, the present
light emitting diode device or any characteristic therein may
be preset in any desired environment. FIG. 19 shows a light
emitting diode device having n-type material overlying an
active region, in turn overlaying p-type epitaxial material. An
n-contact is coupled to the n-type epitaxial material and a
p-contact is coupled to the p-type epitaxial material. The top
surface region has a textured surface characterized by a sur-
face roughness of about 80 nm to about 10,000 nm; and at
least one lateral surface region having a textured surface
characterized by a surface roughness of about 80 nm to about
10,000 nm.

FIG. 20 shows light extraction as a function of roughness,
according to some embodiments. Application of the surpris-
ing results as shown in FIG. 20 yields a technique for fabri-
cating a light emitting diode device having roughened
regions. Strictly as an example, fabricating a light emitting
diode device having roughened regions can commence by
providing a gallium and nitrogen containing substrate includ-
ing a top surface region, a lateral surface region, an n-type
epitaxial material overlying a portion of the top surface
region. One or more active regions can be formed overlying
the n-type epitaxial material, and p-type epitaxial material
disposed to overly the one or more active regions. Then, a first
electrode can be coupled to the n-type epitaxial material (or
the substrate material), and a second electrode coupled to the
p-type epitaxial material.

FIG. 20 shows performance for surface-roughened LEDs
where the typical feature size of the roughness is varied. As
observed in FIG. 20, increasing the feature size beyond 1 um
leads to an improvement in performance. This can be justified
by considering scattering theory: scattering features smaller
than the wavelength of light (e.g., ~400 nm) are in the Ray-
leigh scattering regime, where scattering increases with fea-
ture size. This leads to the trend observed on FIG. 20. This
trend is expected to saturate as features become larger than 1
um and scattering enters a geometric regime. Therefore, FIG.
20 suggests minimum feature sizes for a good surface rough-
ness. Feature sizes larger than 1 um provide the best scatter-
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ing, while feature sizes in the range 100 nm-1 um provide a
decent, although non-optimal, range.

Likewise, there is a practical maximum for the feature size
which is desirable. Features of tens or hundreds of microns
become comparable with the overall shape of the LED and
can be impractical to form and handle. Therefore, the range 1
um-10 um may be considered a preferred range because it
leads to good scattering and is practical.

Various techniques can be used to form singulation
regions, and various techniques can be used for separating at
the singulation region boundaries. Optimizing said tech-
niques can improve the roughness, and hence the extraction
efficiency.

FIG. 22 compares SEM images of LED devices obtained
by two singulation techniques. As an option, such techniques
be implemented in the context of the architecture and func-
tionality of the embodiments described herein.

The devices in FIG. 22 were singulated by using a laser
scribing process followed by a breaking process. The two
devices employed two methods. Each method uses a different
laser profile during the laser scribing. Method 1 uses a mul-
tiple-beam profile; method 2 uses a single-beam profile. Due
to the successive effect of the multiple beams as they are
rastered along the scribing line, method 1 produces a strong
2-dimensional roughness in the laser-ablated region. Method
1, on the other hand, produces a moderate 2-dimensional
roughness.

In general, the parameters of the laser scribing process
(such as the beam profile, rastering. pulse width and power)
may be optimized to enhance the roughness in the laser-
ablated region.

FIG. 23 compares the lumen output performance of white
LEDs whose LED chips were obtained by two singulation
techniques, as shown on FIG. 22. FIG. 23 shows that the LED
produced by method 1 leads to a higher lumen output.

FIG. 24 is a sketch of the laser beam profile of a laser-
ablation tool. Such a profile may be used for fabricating
embodiments of the invention. FIG. 24 shows a laser beam
profile composed of several (here, four) beams. This mul-
tiple-beam profile is rastered across the singulation direction.
Thanks to the rastering, the same area of the semiconductor is
illuminated several times by one of the beams. This can lead
to a more pronounced roughness.

Some specifications according to some embodiments:

Vertical-to-horizontal chip aspect ratio >5%.

Average lateral size of rough features between 1 pm and 10
pm.

Average vertical size of rough features between 100 nm
and 10 pm.

Average surface coverage of 2-dimensional rough features:
top surface >0.5, sidewall >0.15.

A combination of sidewall and surface roughness, such
that for any polar angle at least one of the surfaces has a
one-bounce extraction efficiency into the outside
medium larger than 10%.

Base shape of the LED can be a square, a triangle, a par-
allelogram.

The absorption coefficient of the Group Ill-nitride film is
lower than 10 cm™'. The embodiment of FIG. 18
describes the impact of absorption coefficient on extrac-
tion efficiency. Alternatively, some embodiments are
characterized where the product of the typical chip
dimension, and of the substrate coefficient, is smaller
than 0.1 This can be understood to mean that the typical
absorption through one light bounce in the chip will be
less than 10%.

10

15

20

25

30

35

40

45

50

55

60

65

16

According to an embodiment, the present disclosure
relates to a technique where the side roughness is formed by
cleaving sawing the chip.

According to an embodiment, the present disclosure
relates to a technique where the side roughness is formed by
chemical or PEC etching.

According to an embodiment, the present disclosure
relates to a technique where the side roughness is formed by
patterning and dry etching of the chip.

According to an embodiment, the present disclosure
relates to a technique where the side roughness if formed by
separation of the devices by laser ablation of the material
inbetween, followed by etching of the laser process by-prod-
ucts inducing a 2D roughness on the crystalline face of the
device.

According to an embodiment, the present disclosure
relates to a technique where the side roughness is formed by
depositing a film (such as a dielectric) on the side of the LED
and texturing it.

According to an embodiment, the present disclosure
relates to a technique where slanted sidewalls are formed by
laser scribing with multiple beams.

According to an embodiment, the present disclosure
relates to a technique where a Group IlI-nitride layer is grown
on a foreign substrate (and possibly separated from the for-
eign substrate) such that the vertical-to-horizontal aspect
ratio of the Group III-nitride layer is at least 5%, and LEDs
with top and sidewall roughness are formed.

According to an embodiment, the present disclosure
relates to a technique where a layer of a Group Ill-nitride
substrate is separated from the rest of the substrate such that
the vertical-to-horizontal aspect ratio of the resulting Group
III-nitride layer is at least 5%, and LEDs with top and sidewall
roughness are formed.

In one embodiment, a plurality of light emitting diode
devices is provided overlying a bulk-GaN containing sub-
strate. Through suitable fabrication steps, a plurality of p-type
metallic ohmic contacts is provided overlying the p-type GaN
layer of the light emitting diode device structure, as part of the
embodiment. Additionally, a plurality of n-type ohmic con-
tacts is provided overlying the n-type GaN layer of the light
emitting diode device structure, as part of the embodiment.

In an embodiment, the plurality of light emitting diode
devices is singulated into individual chips using wafer sawing
or dicing, where the wafer sawing or dicing induces a surface
texture or roughness on the sidewalls of the singulated light
emitting diode chips, where the surface texture or roughness
has a characteristic pattern, pitch or shape which enhances the
extraction of light from the light emitting diode chip. In one
embodiment, a suitable wet chemical etching step may be
applied after the wafer sawing or dicing step, so as to form a
second texture or roughness characterizing the plurality of
surfaces exposed to the wet etching step, where the second
surface texture or roughness has a characteristic pattern, pitch
or shape which enhances the extraction of light from the light
emitting diode chip.

In another embodiment, the plurality of light emitting
diode devices is singulated into individual chips using laser
scribing followed by breaking, where the laser scribing
induces a surface texture or roughness on the sidewalls of the
singulated light emitting diode chips, where the surface tex-
ture or roughness has a characteristic pattern, pitch or shape
which enhances the extraction of light from the light emitting
diode chip. In an particular embodiment, a suitable wet
chemical etching step may be applied between the laser scrib-
ing and breaking steps, in order to remove the slag formed as
a result of the laser scribing, and this wet etching step may
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result in a second texture or roughness characterizing the
plurality of surfaces exposed to the wet etching step, where
the second surface texture or roughness has a characteristic
pattern, pitch or shape which enhances the extraction of light
from the light emitting diode chip.

In another embodiment, the plurality of light emitting
diode devices are singulated into individual chips by fully
ablating the substrate material between devices utilizing a
laser. The laser ablation process induces a rough surface of
slag and crystalline material on the side faces of the chips. The
slag material can be etch away to prevent light absorption and
retain only the roughness from the crystalline material. Alter-
natively, the slag itself can be used as a mask in conjunction
with etching to imprint the roughness on the crystalline mate-
rial followed by the removal of the slag material.

In another embodiment, the plurality of light emitting
diode devices is singulated into individual chips using dia-
mond scribing and breaking, where the diamond scribing and
breaking step induces a surface texture or roughness on the
sidewalls of the singulated light emitting diode chips, where
the surface texture or roughness has a characteristic pattern,
pitch or shape which enhances the extraction of light from the
light emitting diode chip. In an embodiment, the diamond
scribing and breaking may be performed along a direction or
a plurality of directions which are substantially misaligned
with respect to a crystalline direction or a plurality of crys-
talline directions of the GaN-containing substrate.

In another embodiment, the diamond scribing and break-
ing may be performed along a direction or plurality of direc-
tions which are substantially aligned with respect to a crys-
talline direction or plurality of crystalline directions of the
GaN-containing substrate.

In yet another embodiment, the plurality of light emitting
diode devices is singulated into individual chips using dia-
mond scribing and breaking In this embodiment, a suitable
wet chemical etching step may be applied between the dia-
mond scribing and breaking steps, so as to form a second
texture or roughness characterizing the plurality of surfaces
exposed to the wet etching step, where the second surface
texture or roughness has a characteristic pattern, pitch or
shape which enhances the extraction of light from the light
emitting diode chip.

In an embodiment, the diamond scribing and breaking may
be performed along a direction or a plurality of directions
which are substantially misaligned with respect to a crystal-
line direction or a plurality of crystalline directions of the
GaN-containing substrate. Alternatively, the diamond scrib-
ing and breaking may be performed along a direction or
plurality of directions which are substantially aligned with
respect to a crystalline direction or plurality of crystalline
directions of the GaN-containing substrate. That is, the scrib-
ing is performed along at least one direction or a plurality of
directions that are substantially misaligned with respect to a
crystalline direction or a plurality of crystalline directions
plane of the gallium and nitrogen containing substrate. In an
embodiment, the direction is substantially misaligned is
within +/-5 or +/-10 or +/-20 degrees of the plane of the
gallium and nitrogen containing substrate. As used herein, the
term misaligned is provided intentionally and is generally an
off-set or the like. Depending upon the embodiment, the plane
of the gallium and nitrogen containing substrate is one of a
plurality of planes of the substrate material selected from a
group consisting of at least c-plane, m-plane, or a-plane or
others and their combinations, and semipolar planes. Again,
there can be other variations, modifications, and alternatives.

In an embodiment, the characteristic texture or roughness
may be substantially dissimilar across the plurality of sur-
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faces formed as a result of the light emitting diode device
singulation process. In yet another embodiment, the charac-
teristic texture or roughness may be substantially similar
across the plurality of surfaces formed as a result of the light
emitting diode device singulation process.

In an embodiment, no specific means or methods are
applied to apply a surface texture or roughness to the surface
or plurality of surfaces of the light emitting diode device chip
which are overlaid by the p-type metallic contact or n-type
metallic contact or both. In another embodiment, means or
methods are applied to apply a surface texture or roughness to
the surface or plurality of surfaces of the light emitting diode
device chip which are overlaid by the p-type metallic contact
or n-type metallic contact or both.

The foregoing description of the exemplary embodiments
has been presented only for the purposes of illustration and
description and is not intended to be exhaustive or to limit the
invention to the precise forms disclosed. Many modifications
and variations are possible in light of the above teaching.

The embodiments were chosen and described in order to
explain the principles of the invention and their practical
application so as to enable others skilled in the art to utilize
the invention and various embodiments and with various
modifications as are suited to the particular use contemplated.
Alternative embodiments will become apparent to those
skilled in the art to which the present invention pertains with-
out departing from its spirit and scope. Accordingly, the scope
of the present invention is defined by the appended claims
rather than the foregoing description and the exemplary
embodiments described therein.

What is claimed is:

1. A light emitting diode comprising:

a gallium and nitrogen containing substrate comprising a
surface region;

an n-type epitaxial material overlying the surface region;

one or more active regions overlying the n-type epitaxial
material;

ap-type epitaxial material overlying the one or more active
regions;

a first electrode coupled to the n-type epitaxial material, to
the substrate, or to both the n-type epitaxial material and
to the substrate;

a second electrode coupled to the p-type epitaxial material;
and

at least three lateral surface regions extending from a top
surface of the light emitting diode to a base of the light
emitting diode;

wherein at least one of the at least three lateral surface
regions comprises a first portion characterized by a one-
dimensional surface roughness.

2. The light emitting diode of claim 1, wherein the one-
dimensional surface roughness is characterized by striations
extending from the top surface toward the base.

3. The light emitting diode of claim 1, wherein the one-
dimensional surface roughness is characterized by an average
lateral size from 1 um to 10 um.

4. The light emitting diode of claim 1, wherein the one-
dimensional surface roughness is characterized by an average
vertical size from 100 nm and 10 um.

5. The light emitting diode of claim 1, wherein the first
portion extends from the top surface toward the base.

6. The light emitting diode of claim 1, wherein the at least
one of the at least three lateral surface regions comprises a
second portion extending from the first portion to the base.

7. The light emitting diode of claim 1, wherein the at least
three lateral surface regions comprise an a-plane surface.



US 9,406,843 B2

19

8. The light emitting diode of claim 1, wherein the top
surface comprises a surface roughness.

9. The light emitting diode of claim 1, wherein the light
emitting diode is characterized by a vertical to horizontal
aspect ratio from 1:20 to 1:1.

10. The light emitting diode of claim 1, wherein the light
emitting diode has the shape of a prism with a triangular base.

11. The light emitting diode of claim 1, wherein the at least
three lateral surface regions are at an angle with respect to the
top surface and the base.

12. The light emitting diode of claim 1, wherein,

the top surface is triangular;

the base is triangular; and

the at least three lateral surface regions comprise three

lateral surface regions.

13. The light emitting diode of claim 1, wherein the light
emitting diode has a thickness from 5 um to 20 pm.

14. The light emitting diode of claim 1, wherein the one-
dimensional surface roughness is configured to extract a sub-
stantial portion of electromagnetic radiation derived from the
one or more active regions.

15. The light emitting diode of claim 1, wherein the one or
more active regions comprises two or more of indium, gal-
lium, aluminum, and nitrogen.

16. The light emitting diode of claim 1, wherein the at least
one lateral surface region is configured in a non-polar orien-
tation.

17. The light emitting diode of claim 1, wherein the at least
one lateral surface region is configured in a semi-polar orien-
tation.

18. The light emitting diode of claim 1, wherein the at least
one lateral surface region is configured in a polar orientation.

19. The light emitting diode of claim 1, wherein the at least
one lateral surface region is misaligned with a crystallo-
graphic plane of the gallium and nitrogen containing sub-
strate.

20. The light emitting diode of claim 1, wherein the at least
one lateral surface region is misaligned within +/-20 degrees
with respect to a crystallographic plane of the gallium and
nitrogen containing substrate.
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21. The light emitting diode of claim 2, wherein the stria-
tions are characterized by a distance of 1 pm to 5 um.

22. The light emitting diode of claim 6, wherein the second
portion is characterized by a two-dimensional surface rough-
ness.

23. The light emitting diode of claim 8, wherein the surface
roughness ranges from about 80 nm to about 10,000 nm.

24. The light emitting diode of claim 8, wherein the top
surface roughness is configured to extract a substantial por-
tion of electromagnetic radiation derived from the one or
more active regions.

25. The light emitting diode of claim 11, wherein the angle
is from 1 degrees to 20 degrees.

26. The light emitting diode of claim 22, wherein the two-
dimensional surface roughness is characterized by a feature
size on the order of 1 um to 2 pm.

27. The light emitting diode of claim 22, wherein the two-
dimensional surface roughness ranges from about 80 nm to
about 10,000 nm.

28. A light emitting diode comprising:

a gallium and nitrogen containing substrate comprising a

surface region;

an n-type epitaxial material overlying the surface region;

one or more active regions overlying the n-type epitaxial
material;

ap-type epitaxial material overlying the one or more active
regions;

a first electrode coupled to the n-type epitaxial material, to
the substrate, or to both the n-type epitaxial material and
to the substrate;

a second electrode coupled to the p-type epitaxial material;

a triangular top surface comprising a top textured surface;

a triangular base; and

three lateral surface regions extended from the top surface
to the base,

wherein a portion of each of the three lateral surface
regions is characterized by a one-dimensional surface

roughness.



